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Phylogenic analysis of all gene segments of human H2N2 viruses isolated from 1957 to 1968 was undertaken to better understand the
evolution of this virus subtype. Human H3N2 viruses isolated from 1968 to 1972 were also examined to investigate genetic events associated
with their emergence in humans and to identify the putative H2N2 ancestral virus. All gene segments of human H2N2 viruses demonstrated
divergent evolution into two distinct clades (I and II) among late H2N2 isolates. Also, all gene segments of 1968 H3N2 viruses that were
retained from human H2N2 viruses were most similar to clade I H2N2 genes. However, genes of both clades were found among H3N2
isolates of 1969–1971. Unique phylogenic topologies reflected multiple reassortment events among late H2N2 or H3N2 viruses that resulted
in a variety of different genome constellations. These results suggest that H2N2 viruses continued to circulate after 1968 and that
establishment of H3N2 viruses in humans was associated with multiple reassortment events that contributed to their genetic diversity.
Published by Elsevier Inc.Keywords: Influenza; H2N2; H3N2; Genome constellation; Evolution; Reassortment
Introduction Three influenza pandemics in the twentieth century wereThe genome of influenza A viruses consists of eight
minus-sense single-stranded RNA segments that code for
10–11 known viral proteins. Influenza viruses are able to
achieve biodiversity by two mechanisms: genetic mutation
and genetic reassortment. Accumulation of mutations in the
antigenic sites of the surface hemagglutinin (HA) or neur-
aminidase (NA) glycoproteins results in altered antigenicity
or ‘‘antigenic drift’’. The segmented genome of influenza
viruses allows for exchange of gene segments. Genetic
reassortment involving type A influenza viruses of different
subtypes may result in ‘‘antigenic shift’’, which occurs when
progeny viruses that possess a novel HA or a novel HA and
NA emerge and spread after reassortment.0042-6822/$ - see front matter. Published by Elsevier Inc.
doi:10.1016/j.virol.2004.06.009
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E-mail address: slindstrom@cdc.gov (S.E. Lindstrom).caused by H1N1, H2N2, and H3N2 viruses, respectively.
H2N2 influenza virus emerged in humans in 1957 following
antigenic shift resulting from reassortment between circu-
lating human H1N1 and avian H2N2 viruses. Reassortant
H2N2 viruses possessed the HA, NA, and PB1 gene seg-
ments of an avian H2N2 virus while the remaining five gene
segments were of human H1N1 virus origin (Gething et al.,
1980; Kawaoka et al., 1989; Scholtissek et al., 1978). H2N2
viruses spread quickly among humans, causing the ‘‘Asian
flu’’ pandemic of 1957 and displacing H1N1 viruses.
Pandemic H3N2, or ‘‘Hong Kong’’, influenza emerged in
humans in 1968 after reassortment between circulating
human H2N2 and avian H3 viruses. The H3N2 viruses that
spread in humans had HA and PB1 polymerase gene seg-
ments of avian origin while all other genes were inherited
from human H2N2 viruses (Fang et al., 1981; Gething et al.,
1980; Kawaoka et al., 1989; Scholtissek et al., 1978).
Previous evolutionary analyses of the HA, NA, and NS
genes of human H2N2 viruses demonstrated genetically
divergent pathways among viruses isolated later in the
S.E. Lindstrom et al. / Virology 328 (2004) 101–119102H2N2 interpandemic period (Klimov et al., 1996; Nakao
et al., 1993). However, evolutionary pathways of other
H2N2 virus genes have not been reported and the interre-
lationships among genes were unknown. In this study,
nucleotide sequences of all eight gene segments of a number
of geographically diverse human H2N2 viruses isolated
from 1957 to 1968 were determined and compared with
published sequence information. Gene segments of early
human H3N2 viruses from 1968 to 1972 were also exam-
ined to investigate genetic events associated with the emer-
gence of H3N2 viruses in man. Parallel analysis of all gene
segments allowed for direct comparison of these genes
throughout the H2N2 era and investigation of pre- and
post-reassortment patterns.Results
H2 HA gene
Phylogenic analysis of the HA gene of human H2N2
viruses was based on nucleotide sequence data of the entire
HA1 domain of the HA gene of 52 viruses isolated between
1957 and 1968 (Fig. 1A). Following their appearance in
humans in 1957, H2N2 viruses appeared to have evolved
along a single major lineage. However, considerable vari-
ability became evident as viruses formed distinct clades that
included viruses isolated within a 1- to 2-year period.
Genetic diversity became more apparent among HA genes
of late human H2N2 viruses, as genes of 1967 isolates were
in either of two distinct clades (I and II). For example, 1967
isolates pan67, aar67, and tok67 as well as 1968 isolate
brk68 formed clade II, which appeared to have diverged
around 1964–1965. Clade I, on the other hand, included
1967 viruses with HA genes that were more closely related
to those of isolates from the previous season. Phylogenic
distinction between clades I and II was supported by high
confidence values by both bootstrap and maximum likeli-
hood calculation methods. Interestingly, the HA gene of
kor68 differed from those of other 1967–1968 viruses and
was most similar to HAs of viruses isolated in 1964, such as
tai64. These results were confirmed by analyzing previous
sequence data for kor68 (Schafer et al., 1993) together with
genetic sequence data from our laboratory (data not shown).
Nonetheless, it was evident that genetic divergence of
human H2N2 viruses led to the co-circulation of two distinct
genetic clades in the later years of the H2N2 epoch.
Phylogenic analysis of the HA gene was supported by
comparison of predicted amino acid sequences of the HA1
domain (Table 1). A total of 25 conserved amino acid
changes were found among 1967 H2N2 viruses when
compared to those of 1957. Twelve changes at residues
believed to be of antigenic significance (Tsuchiya et al.,
2001, 2002; Wiley et al., 1981) support monoclonal anti-
body reactivity patterns observed among early viruses
isolated between 1957 and 1959 and those isolated in1962 and later (Schafer et al., 1993). Phylogenic divergence
among late H2N2 viruses was also apparent at the protein
level as nine conserved amino acid differences were ob-
served between 1967 isolates of clades I and II. Three of
nine lineage-specific differences were in defined antigenic
sites, supporting previously described antigenic heterogene-
ity among divergent 1967–1968 H2N2 viruses (Klimov et
al., 1996).
The HA gene of human H2N2 viruses was estimated to
have evolved at a rate of 5.4  10 3 (R2 = 0.97) nucleotide
substitutions/site/year (ns/s/year), which was comparable to
that reported for human H2N2 (4.67  10–3 ns/s/year)
(Klimov et al., 1996) and H3N2 (5.7  10–3 ns/s/year)
(Fitch et al., 1997) viruses but somewhat faster than the rate
described for human H1N1 viruses (3.3  10–3 ns/s/year)
(Xu et al., 1993). The amino acid substitution rate for the H2
HA protein was estimated to be 6.2  10 3 amino acid
substitutions/site/year (aas/s/year) (R2 = 0.95), which was
similar to that previously reported (5.23  10 3 aas/s/year)
(Klimov et al., 1996) and to that calculated for the human
H3 HA protein (5.96  10–3 aas/s/year) (Cox and Bender,
1995).
N2 NA gene
The NA gene of H2N2 viruses also formed two distinct
clades among isolates of 1967–1968 (Fig. 1B), confirming
analysis by Nakao et al. (1993). Genetic divergence was
supported by high confidence values by both bootstrap and
maximum likelihood calculation methods. Similar to the
HA gene, most NA genes of late H2N2 viruses were in
clade I, while those of aar67, pan67, and brk68 were in
clade II. Also like the HA gene, the NA gene of kor68 was
more similar to those of earlier 1964–1965 viruses than to
those of other 1967–1968 viruses. However, it was noted
that the NA gene of tok67, whose HA gene was in clade
II, was in clade I.
The NA genes of all 1968 H3N2 viruses were most
similar to those of 1966 and 1967 H2N2 isolates belonging
to clade I, confirming previous analysis (Nakao et al., 1993).
In contrast, the NA genes of 1969 H3N2 viruses demon-
strated marked diversity. For example, NA genes of isolates
ussr69, rio69, and ala69 were similar to those of 1968 H3N2
isolates, while NA genes of eng69 and tai69 were similar to
those of clade II H2N2 viruses, represented by isolates
aar67, pan67, and brk68. The NA genes of subsequent
H3N2 isolates (1970–1972) characterized here and previ-
ously were consistently in clade II.
Predicted amino acid differences in the NA protein
among each year’s consensus were determined and com-
pared with those of 1957 H2N2 viruses (Table 2). From
1957 to 1968, a total of 21 conserved amino acid changes
accumulated in the NA protein. Seventeen of these changes
were in the enzymatically active globular head region of the
protein (Varghese and Colman, 1991) and nine were in
characterized antigenic sites (Air et al., 1985; Colman et al.,
Fig. 1. Phylogenic trees of the HA (A) and NA (B) genes of human influenza A H2N2 isolated from 1957 to 1968 as well as NA genes of H3N2 viruses
isolated from 1968 to 1972, indicated in italic typeset. The best fitting trees, obtained by the neighbor-joining method and bootstrap analysis (1000
replications), are shown. Branches with bootstrap values of 800 or greater are indicated as a value of percent.
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S.E. Lindstrom et al. / Virology 328 (2004) 101–1191041983). Three distinguishing amino acid differences were
observed between NA proteins of H2N2 viruses of clades I
and II. Following reassortment with avian H3 viruses, early
H3N2 viruses accumulated a number of changes within thefirst few years of circulation. Between 1968 and 1972, the
N2 NA protein accumulated 22 changes, 9 of which were in
described antigenic sites (Air et al., 1985; Colman et al.,
1983).
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S.E. Lindstrom et al. / Virology 328 (2004) 101–119 105The rate of change of the NA gene of H2N2 viruses (2.9 
10 3 ns/s/year; R2 = 0.95) was essentially the same as that
previously calculated for human H3N2 viruses (2.28 
10 3 ns/s/year) (Xu et al., 1996). The NA protein of H2N2
viruses, however, accumulated changes at a rate of 4.1 
10 3 aas/s/year (R2 = 0.97), which was somewhat higher
than 2.56  10–3 aas/s/year estimated for H3N2 viruses
(Xu et al., 1996). The NA proteins of early H3N2 viruses
analyzed here had an apparent increased rate of change.
NP, M, and NS genes
Phylogenic profiles of the NP, M, and NS genes (Figs.
2A, B, and C, respectively) of H2N2 viruses were similar to
those of the HA and NA genes. For example, these genes
appeared to have evolved in a relatively linear fashion until
around 1965 when genetic divergence lead to the co-
circulation of genetically distinct clades I and II among
1967–1968 H2N2 viruses. Although genetic divergence of
the M gene was less obvious, divergence of the NP and NS
genes was supported by high bootstrap and maximum
likelihood confidence values. Most NP, M, and NS genes
of late H2N2 viruses were in clade I, while those of aar67,
pan67, tok67, and brk68 were in clade II. Genes of kor68
were consistently more similar to those of 1964 viruses than
to 1967–1968 viruses.
Although the evolutionary patterns of the NP, M, and NS
genes of H2N2 viruses were comparable, the phylogenic
profiles of these genes of early H3N2 viruses were quite
variable. For example, while the NP, M, and NS genes of all
1968 H3N2 isolates were most similar to those of H2N2
viruses of clade I, genes of H3N2 viruses of subsequent years
demonstrated distinct pathways. The NP genes of all 1969
isolates were in clade I, however, isolates of 1970 and 1971
possessed NP genes belonging to both clades I and II, while
NP genes of 1972 viruses were all in clade II. The phylo-
genic profiles of the M and NS genes of H3N2 viruses, on
the other hand, revealed comparable topologies that differed
from that of the NP gene. Only one 1969 H3N2 isolate
(eng69) and two 1970 isolates (can70, tri70) were in clade II;
all other H3N2 isolates from 1968 to 1972 were in clade I.
Predicted amino acid sequences of the NP gene revealed
seven amino acid differences among H2N2 viruses from
1957 to 1968 (Table 3). Five of these amino acid changes
occurred in 1961 and had two additional substitutions that
distinguished late H2N2 isolates of clades I and II. Although
divergent NP proteins of H3N2 viruses of 1970–1971
belonging to clades I and II differed by as many as eight
amino acids, NP proteins of H3N2 viruses of 1972 differed
from those of late H2N2 viruses by only six changes.
Consistent with the phylogenically conservative nature of
the M gene, the M1 protein of H2N2 viruses was completely
conserved. Only one change was observed among H3N2
viruses isolated during 1970–1972. The M2 protein dem-
onstrated somewhat higher variability as sporadic changes
were observed among viruses isolated within one or two
Table 2
Predicted amino acid differences among the neuraminidase proteins of human H2N2 and H3N2 influenza viruses isolated from 1957 to 1972
Amino acid residues represent the consensus among viruses examined from each year. Two residues are given for locations where a consensus could not be determined. Shaded residues indicate amino acid
differences at positions of antigenic significance (Air et al., 1985; Colman et al., 1983).
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Fig. 2. Phylogenic trees of the NP (A), M (B), and NS (C) genes of human influenza A H2N2 isolated from 1957 to 1968 and H3N2 viruses isolated from 1968
to 1972, indicated in italic typeset. The best fitting trees obtained by neighbor-joining method and bootstrap analysis (1000 replications) are shown. Branches
with bootstrap values of 800 or greater are indicated as a value of percent.
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Fig. 2 (continued ).
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Fig. 2 (continued ).
S.E. Lindstrom et al. / Virology 328 (2004) 101–119 109seasons. Only one change in the cytoplasmic carboxyl
domain of the M2 protein (Sugrue and Hay, 1991) became
fixed in the population in 1965. Late H2N2 viruses of clades
I and II were distinguished by a single amino acid difference
while H3N2 viruses of 1969 and 1970 contained threesignature changes. In contrast to the number of changes
observed among the NA and NP proteins of 1972 H3N2
viruses, variability was not maintained among M2 proteins
of H3N2 viruses of 1971–1972, which were identical to
those of 1966 H2N2 viruses.
Table 3
Predicted amino acid differences among the NP, M, and NS proteins of human influenza H2N2 and H3N2 viruses isolated from 1957 to 1972
Subtype Year Consensus amino acid residue at position
NP M1 M2
3 77 98 101 102 217 265 343 344 353 373 384 411 423 433 456 459 472 57 13 24 52 55 56 57 89
H2N2 57 S K K D/N G I/N I V S I T R T P A V Q T T N D Y F K E S
58 D/G R/G I
59 F D/N R/G N
60 D/N N
61 N L S A T M L R
62 R N L S A T M S F/L
63 G S L S A T M
64 S L S A T M
65 G/R S L S A T M E
66 S V L S A T M E
67 (I) S V L S A T M F/L E
67/68 (II) R S L S A T M D/N G
H3N2 68 G/S L S A A T M E
69 S L S A A T M D/N Y/T E S/G
70 R/K R/K G/S L S R/K A T M/V Q/R A/T T/A D/N Y/T E S/G
71 R R/K G L S R/K A T V R A E
72 R G L S A S T V R A E
Subtype Year Consensus amino acid residue at position
NS1 NS2
3 23 53 56 59 67 70 84 90 98 112 119 129 166 170 197 204 212 217 218 221 226 231 233 3 14 20 40 55 57 60 83 86 89
H2N2 57 P A N T R R E A L M T/A M I L/F N T/N R/X P K Q K I R N P M Q L L S N V K I
58 A
59 A A T
60 P/S A/T A X/G X/R P/S I/T
61 S V E I I D S L R
62 S V E I I D S L R I/T
63 S V A E I I D S L R
64 S V D A L E I M I D S L R
65 S V A L E I M I D S L R
66 S V A L E I M I D S L R T
67 (I) S V A L E I M I D S L R T
67/68 (II) S V A E/G L E I M I H X D S L R I R
H3N2 68 S V A L E I M I G V D S L R T
69 S V A L E I M I T/N R/G H/P X/K I/V D S L R/Q L/I L/I R I/T
70 S V A R/H L E I M I T/N R/G H/P X/K I/A X/R D S L R/Q L/I L/I R I/T
71 S V A R/H R/K A/T L/L L E I M L/F I G K/N E/K V/A D S L T/N R T
72 S V A H K T L L E I M F I G A X/R D S L V/M R T
Amino acid residues represent the consensus among virus isolates of each year. Two residues are indicated at locations where a consensus could not be determined.
Stop codons resulting in termination of translation are represented by the letter ‘‘X’’.
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S.E. Lindstrom et al. / Virology 328 (2004) 101–119 111The NS1 protein of H2N2 viruses demonstrated consid-
erable variability: 10 conserved amino acid changes accu-
mulated from 1957 to 1967, 5 of which appeared in 1961.
Also, a number of isolates had point mutations that resulted
in truncation of the NS1 protein. NS1 proteins as short as
204 residues were observed (sin57); however, mutations
producing NS1 proteins of 221 and 231 amino acids were
more frequent. Viruses possessing NS1 proteins of 221
amino acids were observed among all clade II H2N2 and
H3N2 viruses, while termination at residue 231 was ob-
served sporadically among isolates of 1960 (phi60), 1970
(tai70), and 1972 (pr72).
The NS2 protein of 1967 viruses of clades I and II
demonstrated four and five amino acid changes, respective-
ly, when compared with those of 1957 H2N2 viruses. NS2
proteins of late H2N2 viruses of clades I and II were
distinguished by three differences. Similarly, divergent
H3N2 viruses of clades I and II isolated in 1969 and 1970
were differentiated by four residues. Despite observed
amino acid variability, the NS2 proteins of 1972 H3N2
viruses differed from those of late clade I H2N2 viruses by
only one or two residues.
Nucleotide substitution rates of gene segments coding for
the NP, M, and NS genes of H2N2 viruses were estimated to
be 2.02  10 3 ns/s/year (R2 = 0.88), 0.89  10 3 ns/s/
year (R2 = 0.53), and 2.61  10 3 ns/s/year (R2 = 0.94),
respectively; values comparable to previously described
rates for H3N2 viruses (NP, 2.2  10 3 ns/s/year (Gorman
et al., 1991); M, 1.08  10 3 ns/s/year (Ito et al., 1991);
NS, 2.23  0 3 ns/s/year (Ludwig et al., 1991)). However,
the previously reported evolutionary rate for the M gene was
based not only on H3N2 viruses, but also on all human
viruses isolated from 1930 to 1985 (Ito et al., 1991). The
rate of change of the NP protein of human H2N2 viruses
was calculated to be 1.2  10 3 aas/s/year (R2 = 0.89),
which was lower than that reported for all human influenza
A viruses isolated from 1930 to 1990 (2.1  10 3 aas/s/
year) (Gorman et al., 1991). The M1 and M2 proteins of
human H2N2 viruses changed little. Although sporadic
changes were observed, rates of change over time could
not be established due to low coefficients of correlation (R2
value). The NS1 nonstructural protein evolved at a rate of
3.7  10 3 aas/s/year (R2 = 0.88), similar to that of H3N2
viruses (3.6  10 3 aas/s/year) (Lindstrom et al., 1998a).
Evolution of the NS2 protein of H2N2 viruses (3.0  10 3
aas/s/year (R2 = 0.85)) was faster than previously estimated
for human H3N2 viruses (0.5  10 3 aas/s/year) (Lind-
strom et al., 1998a).
Polymerase PB2, PB1, and PA genes
Phylogenic analysis of the PB2, PB1, and PA genes
(Figs. 3A, B, and C, respectively) included 33 H2N2 and
H3N2 viruses isolated between 1957 and 1972 that were
selected from the observed seasonal clustering of the HA,
NA, NP, M, and NS genes. In general, evolutionary patternsof the polymerase genes of H2N2 viruses were consistent
with those of other genes described above, demonstrating
divergence of late H2N2 viruses into two clades. However,
in contrast to HA, NP, M, and NS genes, but similar to the
NA gene, all three polymerase genes of tok67 were in clade
I. All early H3N2 viruses that we analyzed possessed PB1
genes of avian origin as described by Kawaoka et al. (1989)
(data not shown) and were therefore not included in the
analysis (Fig. 4B). Although both the PB2 and PA genes of
1968 H3N2 viruses belonged to clade I, the locations of
these genes of 1969–1971 isolates demonstrated variable
pathways. For example, eng69 and can70 both possessed
clade I PB2 genes, while their PA genes belonged to clade
II. However, after 1971, the PB2 and PA genes of H3N2
isolates were all in clade II.
From 1957 to 1968, the PB2 proteins of H2N2 viruses of
clades I and II accumulated seven and eight amino acid
changes, respectively, and were distinguishable by a single
difference (Table 4). Early 1968 H3N2 viruses contained
one additional change, while 1972 isolates had six differ-
ences when compared to late H2N2 viruses. The PA proteins
of late H2N2 viruses of clades I and II contained eight
substitutions with clade-specific differences at four posi-
tions. Emerging 1968 H3N2 viruses possessed PA genes of
clade II that contained three additional changes that were not
maintained in viruses of subsequent seasons. Instead, the
latter viruses had clade I PA genes. Viruses of 1972
possessed only one difference in the PA protein when
compared to clade I H2N2 viruses.
The polymerase PB2, PB1, and PA genes were estimated
to have evolved at rates of 3.12  10 3 ns/s/year (R2 =
0.97), 2.41  10 3 ns/s/year (R2 = 0.95), and 2.49  10 3
ns/s/year (R2 = 0.92), respectively, which were somewhat
higher than rates previously described for the polymerase
genes of human H3N2 viruses (PB2, 1.27  10 3 ns/s/
year; PB1, 1.41  10 3 ns/s/year; and PA, 1.46  10 3
ns/s/year) (Hiromoto et al., 2000). Likewise, the PB2, PB1,
and PA proteins evolved at rates of 0.9  10 3 aas/s/year
(R2 = 0.81), 0.5  10 3 aas/s/year (R2 = 0.68), and 0.8 
10 3 aas/s/year (R2 = 0.67), respectively, that were slightly
higher than rates described for human H3N2 viruses (0.4 
10 3, 0.12  10 3, and 0.49  10 3 aas/s/year, respec-
tively) (Hiromoto et al., 2000).Discussion
In this study, we performed detailed phylogenic analyses
of the entire genome of human H2N2 viruses isolated
between 1957 and 1968 from geographically diverse
regions. All eight gene segments of H2N2 viruses demon-
strated divergent evolution into two distinct clades among
viruses isolated from 1966 to 1968. Comparison of pre-
dicted amino acid sequences of H2N2 virus proteins sup-
ported nucleotide sequence analysis, as clade-specific amino
acid differences were observed among genetically divergent
S.E. Lindstrom et al. / Virology 328 (2004) 101–119112late H2N2 viruses. In particular, the surface HA and NA
glycoproteins were shown to have accrued a number of
amino acid changes in regions believed to be of functional
or antigenic significance (Air et al., 1985; Colman et al.,
1983; Tsuchiya et al., 2001, 2002; Varghese and Colman,
1991; Wiley et al., 1981). Genes of influenza H2N2 viruses
evolved rapidly, with nucleotide substitution rates similar to,
or somewhat faster than, those of H3N2 viruses. Although
the rates of change of H2N2 proteins tended to be compa-
rable to those of H3N2 viruses, the NA and NS2 proteins of
H2N2 viruses apparently evolved somewhat faster than their
H3N2 counterparts, while the NP protein, in contrast,
showed slower change than that of H3N2 viruses.Fig. 3. Phylogenic trees of the PB2 (A), PB1 (B), and PA (C) genes of human infl
H3N2 viruses isolated from 1968 to 1972, indicated in italic typeset. The best fitti
replications) are shown. Branches with bootstrap values of 800 or greater are indComparison of genome constellations (Fig. 4) revealed
that 1967 H2N2 viruses studied here tended to contain gene
segments belonging entirely to either clade I or clade II.
However, one isolate, tok67, possessed HA, PB2, NP, M,
and NS gene segments of clade I and NA, PB1, and PA
genes of clade II, indicating that tok67 was the result of
genetic reassortment among clades I and II H2N2 viruses.
Examination of early H3N2 viruses demonstrated that all
H3N2 viruses of 1968 analyzed in this study possessed HA
and PB1 genes of avian origin, while the remaining six gene
segments coding for the NA, PB2, PA, NP, M, and NS genes
originated from human H2N2 viruses whose genes were
located exclusively in clade I (Fig. 4). However, analysis ofuenza A H2N2 isolated from 1957 to 1968 as well as PB2 and PA genes of
ng trees obtained by neighbor-joining method and bootstrap analysis (1000
icated as a value of percent.
Fig. 3 (continued ).
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genes belonging to clade II continued to circulate. In fact,
with the exception of the HA and PB1 gene segments, genes
from both clades of all other gene segments were found
among early H3N2 viruses. The continued circulation of
genes of both clades suggests H2N2 viruses continued to
circulate in humans after 1968 and reassorted with human
H3N2 viruses. Furthermore, genetic reassortment among
divergent viruses appeared to have occurred quite frequent-
ly, as six different genome constellations were identified
among 14 H3N2 viruses isolated from 1968 to 1972.
Viruses possessing three unique genome constellations
circulated in 1969 and 1970 while viruses with two of these
constellations were also isolated in 1971. One particulargenome constellation observed first in 1970 isolate, tai70
(avian H3 and PB1 genes; clade I PB2, PA, NP, and NA
genes; clade II M and NS genes) continued to circulate in
1971 (chb71, car71) and became predominant by 1972
(eng71, tok72). However, although early H3N2 viruses
analyzed in this study represent isolates from geographically
diverse regions, the limited number of isolates analyzed
represents a small sample of circulating viruses. Thus, it is
not clear if these viruses reflect actual relative circulation
levels of these viruses or if viruses with yet other genome
constellations were also circulating. Nevertheless, the ge-
nome constellation of isolates tai70, chb71, car71, eng72,
and tok72 represents that of modern human H3N2 viruses
(not shown).
Fig. 3 (continued ).
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constellation of H3N2 1968 viruses, together with the
appearance, and subsequent predominance of viruses pos-
sessing a different genome constellation suggest that reas-
sortment among H3N2 and H2N2 viruses was involved in
the adaptation and success of H3N2 viruses in humans.
Generation of diversity by genetic reassortment has been
observed among both type A and type B influenza viruses
circulating in humans (Hiromoto et al., 2000; Lindstrom et
al., 1998b, 1999; Xu et al., 1996). H1N2 viruses resulting
from reassortment between human H3N2 and H1N1
viruses have been isolated periodically (Bean et al.,
1980; Guo et al., 1992; Nishikawa and Sugiyama, 1983;
Xu et al., 1993; Yamane et al., 1978), and human H1N2
viruses that possess the HA gene of human H1N1 viruses
and the remaining gene segments of recent human H3N2viruses were recently reported to circulate in humans in
many countries (Xu et al., 2002). Our findings show that
following reassortment between human H2N2 and avian
H3 viruses, H3N2 viruses achieved genetic diversity
through repeated genetic reassortment with H2N2 and
possibly other H3N2 viruses. Eventual predominance of
H3N2 viruses with a single genome constellation suggests
that these viruses possessed changes that rendered them
more fit.
Considerable diversity was observed at the protein level
among early H3N2 viruses, and surviving H3N2 viruses
possessed a number of amino acid changes that may have
contributed to their fitness. It has been suggested that the
HA protein may undergo post-reassortment changes to
adjust to a new NA subtype and optimize functional
interactions between new HA and NA combinations
Fig. 4. Genome constellations of late H2N2 and early H3N2 viruses for which the complete genome was analyzed. Numbers above columns indicate the years
of virus isolation. Gene segments belonging to clade I are represented as solid black bars while those belonging to clade II are indicated by open bars. Genes of
avian origin are indicated by hatched bars. The closed arrow indicates the reassortment event between human H2N2 and avian H3 viruses. Open arrows
indicate continued circulation of genome constellations found in multiple years.
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also be true for the NA protein given that early H3N2
viruses accrued a disproportionate number of changes
within the first four years of circulation. Among a number
changes that were found at positions of antigenic signifi-
cance, prevailing viruses also contained a K431E change
that has been shown to influence substrate specificity of the
NA (Kobasa et al., 1999). Also, these viruses contained the
only conserved amino acid change (T57A) found in the M1
protein located at the base of an epitope recognized by
human cytotoxic T-cells (Gotch et al., 1988). Although
influenza viruses possessing truncated NS1 proteins may
be infectious (Krystal et al., 1983; Norton et al., 1987),
viruses that possessed a truncated NS1 protein of clade I,
such as eng69 and can70, were not detected after 1970.
Nevertheless, further investigation through biological char-
acterization is necessary to determine the phenotypic sig-
nificance of specific amino acid differences among early
H3N2 viruses.
Comparison of virologic and epidemiologic information
may help to further explore the possible influence of
variability among early H3N2 viruses on morbidity andmortality in humans. Genetic analyses of historical human
H2N2 as well as H3N2 influenza viruses provide an
information base that is important for understanding mech-
anisms of emerging pandemic influenza viruses. Further
investigation of human H1N1 viruses of the late 1950s and
early H2N2 viruses may help to determine the role of
reassortment among subtypes as a means of adaptation of
new subtypes in humans.Materials and methods
Viruses
The following human type A influenza H2N2 viruses
isolated between 1957 and 1968 were analyzed in this
study: A/Singapore/1/57 (sin57), A/Albany/7/57 (alb57),
A/Chile/13/57 (chi57), A/Davis/1/57 (dav57), A/Lenin-
grad/134/57 (len57), A/El Salvador/2/57 (esal57), A/Japan/
305/57 (jap57), A/Albany/6/58 (alb58), A/Malaya/16/58
(mal58), A/Ohio/2/59 (ohi59), A/SaoPaolo/3/59 (sp59), A/
Victoria/15681/59 (vic59), A/Philippines/2/60 (phi60), A/
Table 4
Predicted amino acid differences among the polymerase PB2, PB1, and PA proteins of human influenza H2N2 and H3N2 viruses isolated from 1957 to 1972
Amino acid residues represent the consensus among virus isolates of each year. Two residues are indicated at locations where a consensus could not be determined.
Amino acid differences in the PB1 protein of H3N2 viruses (shaded) are not indicated because these genes did not originate from human H2N2 viruses.
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S.E. Lindstrom et al. / Virology 328 (2004) 101–119 117Ann Arbor/6/60 (aar60), A/SaoPaolo/1/61(sp61), A/Chile/2/
61 (chi61), A/England/1/61(eng61), A/Panama/1/61
(pan61), A/Yale/1/61 (yal61), A/Japan/170/62 (jap62), A/
Netherlands/60/62 (net62), A/Taiwan/1/62 (tai62), A/Yoko-
suka/3/62 (yok62), A/Albany/1/63 (alb63), A/Georgia/1/63
(geo63), A/GreatLakes/3/63 (gl63), A/Netherlands/65/63
(net63), A/England/12/64 (eng64), A/Taiwan/1/64 (tai64),
A/Murakami/4/64 (mur64), A/NewJersey/3/65 (nj65), A/
Albany/1/65 (alb65), A/Kumamoto/1/65 (kum65), A/Thai-
land/385/65 (tha38565), A/Thailand/394/65 (tha39465), A/
Pittsburgh/2/65 (pit65), A/California/1/66 (cal66), A/Berke-
ley/1/66 (brk66), A/Canada/1/66 (can66), A/Panama/1/66
(pan66), A/Tokyo/3/67 (tok67), A/AnnArbor/7/67 (aar67),
A/England/10/67 (eng67), A/Georgia/1/67 (geo67), A/
Johannesburg/567/67 (joh67), A/Montevideo/2208/67
(mon67), A/Taiwan/1/67 (tai67), A/Panama/1/67 (pan67),
A/Cordoba/522/67 (cor67), A/Poland/5/67 (pol67), A/
Korea/426/68 (kor68), and A/Berkeley/1/68 (brk68). The
following H3N2 viruses isolated from 1968 to 1972 were
also analyzed: A/Hong Kong/16/68 (hk1668), A/Hong
Kong/19/68 (hk1968), A/Hawaii/2/68 (haw68), A/Georgia/
122/68 (geo68), A/Canada/228/68 (can68), A/Malaysia/
221/68 (mal22168), A/Malaysia/1/68 (mal168), A/Panama/
1/68 (pan68), A/Philippines/104/68 (phi10468), A/Philip-
pines/3/68 (phi368), A/USSR/039/68 (ussr68), A/Tehran/
101/68 (teh68), A/Singapore/1/68 (sin68), A/PuertoRico/1/
68 (pr68), A/Taiwan/1/69 (tai69), A/Rio/6/69 (rio69), A/
England/878/69 (eng69), A/Alaska/1/69 (ala69), A/USSR/
0270/69 (ussr69), A/Taiwan/2/70 (tai70), A/Trinidad/697/70
(tri70), A/Canada/2/70 (can70), A/Queensland/7/70 (qld70),
A/Hungary/2/71 (hun71), A/Taiwan/3/71 (tai71), A/Chiba/
5/71 (chb71), A/Caracas/1/71 (car71), A/England/42/72
(eng72), A/PuertoRico/3/72 (pr72), A/Taiwan/1/72 (tai72),
A/Tokyo/31/72 (tok72), and A/Victoria/4/72 (vic72).
Viruses were selected from the repository at the Centers
for Disease Control and Prevention, Atlanta, GA, USA by
date of isolation and country or state of isolation.
Genetic analysis
Viral RNA was extracted from 200 Al of archived virus
sample by using a commercial kit (RNeasy, Qiagen, Valen-
cia, CA, USA) and eluted into 50 Al of RNAse-free distilled
water.
Gene segments were amplified using a one-step RT-PCR
protocol (QiaOneStep, Qiagen) following the manufactur-
er’s recommended procedure. Amplified segments were
purified by agarose gel electrophoresis and nucleotide
sequences were determined using an ABI377 (Applied
Biosystems Inc.) automated genetic analyzer. Oligonucleo-
tide primer sequences used in this study are available upon
request. All nucleotide sequences generated in this study
have been submitted to the GenBank database (accession
numbers AY209895–AY210316).
Phylogenic analysis of influenza genes was done using
Phylogeny Inference Package (PHYLIP) version 3.6 (Fel-senstein, 1989) and ClustalW (Thompson et al., 1994)
genetic analysis software packages. Evolutionary trees were
constructed by using the neighbor-joining method and
bootstrap analysis (1000 replications) (Felsenstein, 1985)
based on nucleotide distance matrices estimated by the
Tamura (1992) three-parameter method as well as by the
maximum likelihood method (Felsenstein, 1981). Both
calculation methods produced trees with essentially identi-
cal topologies. Trees generated by the neighbor-joining
method are presented in Figs. 1–3.
A total of 52 HA, 40 NA, 40 NP, 44 M, 44 NS, 19 PB2,
19 PB1, and 19 PA genes determined here and earlier
(Buonagurio et al., 1986; Connor et al., 1994; Cox et al.,
1988; Ito et al., 1991; Klimov et al., 1992, 1995; Matroso-
vich et al., 2000; Zebedee and Lamb, 1989) were used to
determine the evolutionary rate for each gene. Distance
matrices based on the total number of substitutions between
genes were constructed for each gene and evolutionary rates
were estimated by plotting the average genetic distances of
viruses isolated in each year against the year of isolation.
Evolutionary rates represent the values obtained by deter-
mining the slope of the best-fit line by regression analysis.
R-squared (R2) values are indicated as a measure of data
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